WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




Express Mail No. 
EV064990339US 



PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 7 : 
H05B 417392, 417298 



A2 



(11) International Publication Number: WO 00/24233 

(43) International Publication Date: 27 April 2000 (27.04.00) 



(21) International AppUcation Number: PCT/US99/23674 

(22) International Filing Date: 8 October 1999 (08.10.99) 



(30) Priority Data: 
09/173,850 
09/173,852 
09/173,966 



16 October 1998 (16.10.98) US 
16 October 1998 (16.10.98) US 
16 October 1998 (16.10.98) US 



(71) Applicant: ELECTRO-MAG INTERNATIONAL, INC. 

[US/US]; 10 Fern Canyon, Laguna Niguel, CA 92677 (US). 

(72) Inventor: MOISIN, Mihail, S.; 8 Druce Street, Brookline, MA 

02146 (US). 

(74) Agents: DURKEE, Paul, D. et ah; Nutter, McClennen & Fish, 
LLP, One International Place, Boston, MA 02110-2699 
(US). 



(81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG, 
BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, DM, EE, 
ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, 
KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, 
MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU, 
SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, 
UZ, VN, YU, ZA, ZW, ARIPO patent (GH, GM, KE, LS, 
MW, SD, SL, SZ, TZ, UG, ZW), Eurasian patent (AM, AZ, 
BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, BE, 
CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, 
NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, 
GN, GW, ML, MR, NE, SN, TD, TG). 



Published 

Without international search report and to be republished 
upon receipt of that report. 



(54) Title: BALLAST CIRCUIT 



«n r 



10 



BALLAST 







24 

RECTIFIER 




m 

INVERTER 




- 












(57) Abstract 

A ballast includes a resonant inverter circuit which limits the voltage applied to a lamp when it fails to light. In one embodiment, the 
inverter includes first and second switching element having conduction states controlled by respective first and second control circuits. The 
second control circuit includes a third switching element which controls the conduction state of the second switching element. An end of 
life circuit includes a first threshold circuit coupled to the third switching element for disabling the inverter when the voltage applied to the 
lamp becomes greater than a first predetermined threshold. In another embodiment, the second control circuit includes a fourth switching 
element for controlling a duty cycle of the third switching element and the end of life circuit includes a second threshold circuit. When 
the lamp voltage becomes greater than a second predetermined threshold, the fourth switching element reduces the duty cycle of the third 
switching element. 
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WO 00/24233 PCT/US99/23674 

BALLAST CIRCUIT 

FIELD OF THE INVENTION 

The present invention relates to circuits for energizing one or more loads and more 
5 particularly to a circuit that regulates the amount of energy flowing to at least one load. 

BACKGROUND OF THE INVENTION 

As is known in the art, there are many of types of artificial light sources such as 
incandescent, fluorescent, and high-intensity discharge (HID) light sources. Fluorescent 

10 and HID light sources or lamps are generally driven with a ballast which includes various 

inductive, capacitive and resistive elements. The ballast circuit provides a predetermined 
level of current to the lamp which causes the lamp to emit light. To initiate current flow 
through the lamp, the ballast circuit may provide relatively high voltage levels, e.g., a 
strike voltage, that differ from operational levels. 

15 One type of ballast circuit is a magnetic or inductive ballast. One problem 

associated with magnetic ballasts is the relatively low operational frequency which results 
in a relatively inefficient lighting system. Magnetic ballasts also incur substantial heat 
losses thereby further reducing the lighting efficiency. Another drawback associated with 
magnetic ballasts is the relatively large size of the inductive elements. 

20 To overcome the low efficiency associated with magnetic ballasts, various attempts 

have been made to replace magnetic ballasts with electronic ballasts. One type of 
electronic ballast includes inductive and capacitive elements coupled to a lamp. The ballast 
provides voltage and current signals having a frequency corresponding to a resonant 
frequency of the ballast-lamp circuit. As known to one of ordinary skill in the art, the 

25 various resistive, inductive and capacitive circuit elements determine the resonant 

frequency of the circuit. Such circuits generally have a half bridge or full bridge 
configuration that includes switching elements for controlling operation of the circuit. 

Conventional ballasts generally provide particular voltage and current levels 
adapted for a single lamp size. Thus, a ballast is only useful for one particular lamp. As 

30 known to one skilled in the art, the diameter of the lamp determines the level of current 

that flows through the lamp. That is, lamps of eight feet, four feet, two feet and one foot 
all pass about the same amount of current, provided that the lamps have the same diameter. 
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The voltage drop across the lamp, however, varies in accordance with the length of the 
lamp. The longer the lamp, the greater the voltage drop across the lamp. It would be 
desirable to provide a ballast that can energize any lamp in a family of lamps where each 
lamp has the same diameter and a different length. 

Another drawback to some known ballast circuits is associated with initiating, or 
attempting to initiate, current flow through the lamps. One type of ballast initially operates 
in a so-called rapid start mode to establish current flow through the lamp and thereby cause 
the lamp to emit light. In rapid start mode, the ballast heats the lamp filaments with a 
predetermined current flow through the filaments prior to providing a strike voltage to the 
lamp. Thereafter, the ballast provides operational levels of voltage and current to the lamp 
as it emits visible light. However, in the case there a lamp does not light, such as a lamp 
that is only marginally operational, excessive energy levels can be generated by the circuit. 
High voltages and currents can stress the circuit components and thereby reduce the useful 
life of the ballast. It would, therefore, be desirable to provide a ballast that detects and 
eliminates excessive signal levels that can occur when a lamp fails to start. It would also 
be desirable to provide a ballast circuit that, when attempting to light the lamp, applies a 
strike voltage to the lamp at predetermined intervals to reduce stress on the ballast circuit 
components. 

SUMMARY OF THE INVENTION 

The present invention provides a circuit for regulating the amount of energy flowing 
to one or more loads and detecting excessive energy levels. Although primarily shown and 
described as a ballast circuit that controls the energy flow to at least one lamp, it is 
understood that the circuit is applicable to other circuits and loads as well, such as power 
supplies and electrical motors. 

In one embodiment, a ballast circuit includes an inverter circuit for energizing at 
least one lamp. The inverter circuit includes first and second switching elements coupled 
to a resonant inductive element. A first control circuit controls the conduction state of the 
first switching element and a second control circuit controls the conduction state of the 
second switching element. In one particular embodiment, the inverter circuit is a resonant 
inverter with the first and second switching elements coupled in half bridge configuration. 
During resonant operation of the circuit, the first switching element is conductive while 
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current to the load flows in one direction and the second switching element is conductive 
as the load current flows in the opposite direction. 

In an exemplary embodiment, the duty cycle of the second switching element is 
selectively reduced to achieve desired power levels at the lamp. However, it is understood 
that the duty cycle of the first switching element can be altered in addition to or instead of 
the duty cycle of the second switching element. 

To control the duty cycle of the second switching element, the second control 
circuit includes a third switching element coupled to the second switching element and a 
third control circuit for controlling the conductive state of the third switching element. The 
third switching element is effective to transition the second switching element to a non- 
conductive state when the third switching element transitions to a conductive state. In one 
embodiment, an inductive bias element, which is inductively coupled with the resonant 
inductive element, is coupled to the second and third switching elements for biasing the 
switching elements to a conductive state. In particular, when the voltage polarity at the 
bias element switches to a first polarity corresponding to current flow through the second 
switching element, the bias element biases the second and third switching elements to a 
conductive state. However, a delay circuit coupled to the third switching element delays 
the transition of the third switching element to the conductive state. Thus, the second 
switching element is conductive until the delay time expires and the third switching element 
becomes conductive thereby causing the second switching element to transition to the non- 
conductive state. 

In one feature of the invention, excessive energy levels generated by the resonant 
circuit are detected and eliminated. Excessive voltages can occur when a lamp fails to light 
and the power to the lamp continues to increase without being consumed by the lamp. In 
one embodiment, the circuit includes a first threshold circuit coupled to the third switching 
element for detecting a voltage at the bias element that is greater than a first predetermined 
threshold. When a voltage at the bias element exceeds the first predetermined threshold, 
the third switching element is biased to the conductive state which transitions the second 
switching element to the non-conductive state. When the second switching element is non- 
conductive, power to the load is reduced. 

In one particular embodiment, the first threshold circuit includes a zener diode for 
providing the first predetermined threshold. In other embodiments, the circuit can include 
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farther threshold circuits coupled to further switching elements, such as a fourth switching 
element described below, for detecting further excess voltage conditions. 

Another feature of the invention includes duty cycle modification of the second 
switching element to adjust the power supplied to the load. In an exemplary embodiment, 
the third control circuit further includes a fourth switching element coupled to the third 
switching element for altering the conduction state of the third switching element. The 
fourth switching element is coupled to the delay circuit for modifying the delay for the 
third switching element to transition to the conductive state. In one embodiment, a 
maximum duty cycle for the fourth switching element corresponds to a maximum power 
at the load. More particularly, when the fourth switching element remains conductive, the 
delay of the delay circuit is maximized thereby allowing the second switching element to 
remain on for the longest time since the third switching element does not become 
conductive (and turn off the second switching element) until the maximum delay time has 
expired. Conversely, as the fourth switching element becomes non-conductive the delay 
is reduced and the duty cycle of the second switching element decreases to reduce the 
power at the load. 

In another feature of the invention, a ballast circuit regulates the lamp current to 
a predetermined level regardless of the voltage drop across the lamp. Thus, the ballast 
circuit is adapted for energizing any lamp in a family of lamps wherein the lamps vary in 
length, which alters the voltage drop, but have the same diameter, which determines the 
operational current level . In one embodiment, the circuit includes a fifth switching element 
coupled to the fourth switching element in a feedback arrangement to regulate the load 
current. The circuit further includes a feedback resistor, through which current to the lamp 
flows, coupled to the fifth switching element. The feedback resistor is effective, in 
conjunction with the circuit switching elements, to regulate the lamp current to a 
predetermined level regardless of the voltage drop across the lamp. 

In a further feature of the invention, the circuit includes a start-up circuit for 
providing a strike level voltage to the lamp at predetermined intervals thereby reducing the 
amount of power that is applied to a lamp that fails to start. In one embodiment, the start- 
up circuit repeats a start-up sequence associated with so-called rapid start mode of 
operation. In one particular embodiment, the start-up circuit includes a delay capacitor 
coupled to a rail of the inverter and a delay switching element coupled to a start-up 
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capacitor which initially starts the circuit by biasing the second switching element to the 
conductive state. When the lamp fails to start after application of a strike level voltage, 
the circuit can detect an excess voltage condition and reduce power to the lamp, as 
described above. The charged delay capacitor biases the delay switching element to a 
5 conduction state that prevents the start-up capacitor from charging. After the delay 

capacitor discharges, the start-up capacitor then begins charging to repeat the rapid start 
sequence. 

In another embodiment in accordance with the present invention, a ballast circuit 
includes a threshold detection circuit for detecting excessive energy levels. In one 

10 particular embodiment, the ballast circuit includes an inverter circuit having first and 

second switching elements for energizing a lamp. A first control circuit is coupled to the 
first switching element and a second control circuit is coupled to the second switching 
element for controlling the conduction states of the respective first and second switching 
elements. The threshold detection circuit is coupled to the second control circuit for 

15 altering the conduction state of the second switching element to eliminate an excessive 

power condition. The threshold detection circuit is coupled to the lamp and to a bridge 
capacitor which is also connected to the lamp. The threshold detection circuit includes a 
first feedback resistor coupled to the lamp and a second feedback resistor coupled to the 
bridge capacitor. The first and second feedback resistors are also coupled to a third 

20 switching element which biases the second switching element to a non-conductive state 

when an excessive energy level is detected. 

In operation, the ballast circuit first attempts to initiate current flow through the 
lamp during rapid-start operation. The first and second switching elements are alternately 
conductive and a current flows through the lamp filaments to pre-heat the filament prior 

25 to applying a strike voltage to the lamp. This pre-heat current flows through the capacitor 

to the threshold detection circuit through the second feedback resistor. If the lamp fails to 
light, the current through the capacitor continues to increase until a voltage drop across the 
second feedback resistor is sufficient to bias the third switching element to a conductive 
state. This biases the second switching element to a non-conductive state thereby reducing 

30 the power. Similarly, during normal operation current flows through the lamp. If the 

lamp current increases to a level such that a voltage drop across the first feedback resistor 
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transitions the third switching element to a conductive state, the second switching element 
transitions to a non-conductive state thereby reducing the power to the lamp. 

In a further embodiment, a ballast circuit in accordance with the present invention 
has a full bridge topology. In one particular embodiment, the ballast circuit includes an 
inverter circuit having first and second switching elements, first and second bridge diodes 
and first and second resonant inductive elements coupled in a full bridge configuration. 
A first control circuit is coupled to the first switching element and a second control circuit 
is coupled to the second switching element for controlling the conduction states of the 
respective switching elements. The second control circuit includes a third switching 
element coupled to the second switching element for altering the conduction state of the 
second switching element. Coupled to the second and third switching elements is a bias 
element that is inductively coupled to at least one of the first and second inductive elements 
for biasing the first and second switching elements to a conduction state. More 
particularly, a predetermined time after the bias element biases the second switching 
element to a conductive state, the third switching element becomes conductive thereby 
transitioning the second switching element to the non-conductive state. 

The ballast circuit further includes a feedback resistor coupled between the second 
and third switching elements. When the load current is greater than a predetermined 
threshold, the third switching element is biased to a conductive state thereby causing the 
second switching element to transition to a non-conductive state. In one embodiment, the 
ballast circuit also includes a voltage threshold circuit coupled between the bias element 
and the third switching element. When the voltage at the bias element is greater than a 
predetermined voltage, the third switching element becomes conductive and the second 
switching element non-conductive thereby reducing the load power. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be more fully understood from the following detailed description 
taken in conjunction with the accompanying drawings, in which: 

Figure 1 is schematic diagram of a ballast circuit in accordance with the present 
invention including an inverter circuit; 

Figure 2 is a schematic block diagram of the inverter circuit of Figure 1; 
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Figure 3 is a circuit diagram that includes further details of the circuit of Figure 2; 
Figure 3A is a circuit diagram that includes further details of the circuit of Figure 

3; 

Figure 4 is a circuit diagram that includes further details of the circuit of Figure 3; 
Figure 5 is a circuit diagram of an exemplary embodiment of the circuit of 
Figure 2; 

Figure 6 is a circuit diagram showing further features of the circuit of Figure 2; 
Figure 7 is a schematic diagram showing further features of the circuit of Figure 2; 
Figure 8 is a circuit diagram of an exemplary embodiment of the circuit of 
Figure 7; 

Figure 9 is a circuit diagram of alternative embodiment of the circuit of Figure 2; 
Figure 10 is a circuit diagram of another alternative embodiment of the circuit of 
Figure 2; 

Figure 1 1 is a circuit diagram of a further alternative embodiment of the circuit of 
Figure 2; 

Figure 12 is a schematic diagram of another embodiment of a circuit in accordance 

with the present invention; 

Figure 13 is a schematic diagram that includes further details of the circuit of 

Figure 9; 

Figure 14 is a circuit diagram of an exemplary embodiment of the circuit of 
Figure 10; 

Figure 14A is circuit diagram that includes further details of the circuit of 
Figure 11; 

Figure 15 is schematic diagram of a further embodiment of a circuit in accordance 

with the present invention; and 

Figure 16 is a circuit diagram of an exemplary embodiment of the circuit of 

Figure 12. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a circuit that regulates the amount of energy that is 
transferred to one or more loads. In general, the power to the load is regulated by 
controlling the duty cycle of one or more switching elements that energize the load. 
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Exemplary embodiments are shown and described in the form of ballast circuits for 
energizing one or more lamps that regulate the flow of current to a predetermined level, 
prevent excessive signal levels, and periodically repeat a lamp start-up sequence known as 
rapid start mode. By regulating the current level, the ballast circuit can energize lamps that 

5 differ in length but have about the same diameter. And by detecting excessive energy 

levels and controlling the start-up sequence, circuit stress can be reduced to extend the 
useful life of the ballast, particularly when lamps fail to light. 

The ballast circuits are generally shown having circuitry for implementing a so- 
called rapid-start mode of operation. As known to one of ordinary skill in the art, during 

10 rapid start operation a current is passed through the lamp filaments for a period of time, 

e.g. 500 milliseconds, typically referred to as pre-heat, before applying a voltage level that 
is sufficient to strike the lamp. 

It is understood that end-of-life, as used herein, refers to conditions or circuitry 
associated with a lamp that, at least initially, fails to light. Generally, as a lamp ages it 

15 becomes increasingly difficult to initiate current flow through the lamp. That is, the lamp 

becomes marginally operational and the likelihood of successfully initiating current flow 
through the lamp decreases. It is understood by one of ordinary skill in the art that a 
resonant ballast circuit can apply relatively high signal levels to the lamp which can 
severely stress the circuit components when the lamp fails to light. 

20 FIG. 1 shows a ballast circuit 10 for controlling the flow of energy to a lamp 12 in 

accordance with the present invention. The ballast 10 includes first and second input 
terminals 14,16 coupled to an alternating current (AC) power source 18 and first and 
second output terminals 20,22 coupled to the lamp 12. The ballast 10 includes a rectifier 
circuit 24 for receiving the AC signal and providing a direct current (DC) signal to an 

25 inverter circuit 26 which energizes the lamp 12 with an AC signal. 

Referring now to FIG. 2, a circuit 100, shown here as a resonant inverter circuit, 
such as the inverter circuit 26 of FIG. 1, includes first and second switching elements 
Q1,Q2 coupled in a half bridge configuration. The switching elements Q1,Q2 are shown 
as transistors, however, it is understood that other switching elements known to one of 

30 ordinary skill in the art can be used. It is further understood that the switching elements 

Q1,Q2, and the other circuit elements, can be coupled in configurations other than the half 
bridge arrangement of FIG. 1. For example, other embodiments include circuits having 
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conventional full bridge arrangements with four switching elements and full bridge 
topologies, such as those disclosed in co-pending and commonly assigned U.S. Patent 
Application No. 08/948,690 filed October 10, 1997, entitled CONVERTER/ INVERTER 
FULL BRIDGE BALLAST CIRCUIT, incorporated herein by reference. 

5 The inverter circuit 100 has a resonant inductive element LI A and a DC-blocking 

capacitor CS coupled in series. A load 102, such as a fluorescent lamp, is adapted for 
connection to the DC-blocking capacitor CS. The lamp 102 is also coupled to a point 
between first and second bridge capacitors CP1 ,CP2 which are coupled end to end across 
the positive and negative rails 110, 112 of the inverter. A first control circuit 108 is 

10 coupled to the first switching element Ql and a second control circuit 106 is coupled to the 

second switching element Q2. The control circuits 106,108 control the conduction states 
of the respective first and second switching elements Q1,Q2. 

The first switching element Ql includes a first or collector terminal 114 coupled 
to the positive rail 110 of the inverter, a second or base terminal 1 16 coupled to the first 

15 control circuit 108 and a third or emitter terminal 118 coupled to the second switching 

element Q2 and the resonant inductive element L1A. The second switching element Q2 
includes a first or collector terminal 120 coupled to the emitter terminal 118 of the first 
switching element Ql and the resonant inductive element L1A. A second or base terminal 
122 is coupled to the second control circuit 106 and a third or emitter terminal 124 is 

20 coupled to the negative rail 1 12 of the inverter. 

The second control circuit 106 has a first terminal 106a coupled to the base terminal 
122 of the second switching element Q2 and a second terminal 106b coupled to the 
negative rail 112. A third terminal 106c is coupled to the lamp 102 for detecting the 
energy level through the lamp. As described below and shown in the illustrative 

25 embodiment of FIG. 2, the duty cycle of the second switching element Q2 is selectively 

decreased by the second control circuit 106. However, it is understood that in other 
embodiments the duty cycle of the first switching element Ql is altered instead of or in 
addition to the duty cycle of the second switching element Q2. 

In general, the inverter circuit 100 circuit is adapted for operation at or near a 

30 resonant frequency that is a characteristic of the overall circuit. The impedance values of 

the circuit components, such as the resonant inductive element L1A, the bridge capacitors 
CP1,CP2 and the lamp 102 determine the resonant frequency of the circuit. When the 
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inverter 100 is driven at the resonant frequency the first and second switching elements 
Q1.Q2 are alternately conductive as current to the lamp 102 periodically reverses 
directions. That is, for a first half of the resonant cycle the first switching element Ql is 
ON (Q2 is OFF) and current flows through the resonant inductive element LI A to the lamp 
102. During the second half of the resonant cycle, the second switching element Q2 is ON 
(Ql is OFF) and current flows from the lamp 102 to the resonant inductive element L1A 
and through the second switching element Q2. It is understood that ON refers to a 
conductive state for a switching element and that OFF refers to a non-conductive state. 

To maximize power to the lamp 102, a respective one of the first and second 
switching elements Q1.Q2 should be ON during each half cycle for as long as possible. 
However, there are circumstances during which it is desirable to limit the power to the 
lamp 102. As understood by one of ordinary skiU in the art, due to the resonant nature of 
the circuit high signal levels can be generated by the circuit that may destroy the circuit 
elements if left unchecked. As described below, the circuit limits and/or regulates the load 
current by controlling the duty cycle of second switching element 02. 

FIG. 3 shows an exemplary mbodiment of the second control circuit 106 that 
includes circuit elements (RB,CB,L1B) for controlling the conduction state of the second 
switching element Q2 and a third or Q2 shutoff circuit 130 for turning the second switching 
element Q2 off upon detection of certain conditions, as described below. 

The conduction state of the second switching element Q2 is controlled such that it 
is generally ON when current flows in a direction from the lamp 102 to the resonant 
inductive element L1A. The base terminal 122 of the second switching element Q2 is 
coupled to base resistor RB which is coupled to an inductive bias element LIB. The bias 
element LIB is inductively coupled to the resonant inductive element L1A. And a base 
capacitor CB extends from the base terminal 122 to the negative rail 112. 

As shown in FIG 3A, these circuit elements are effective to turn the second 
switching element 02 ON as current flows in a direction from the lamp 102 to the resonant 
inductive element LI A. The resonant inductive element L1A has a polarity indicated by 
conventional dot notation. As understood to one of ordinary skill in the art, the dot 
indicates a rise in voltage from the unmarked end to the marked end. The bias element 
LIB, which is inductively coupled with the resonant inductive element L1A, has a polarity 
also indicated with conventional dot notation. The polarities of the respective voltages 
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across the resonant inductive element LI A and the bias element LIB are indicated with a 
" + " for a positive voltage and a "-" for a negative voltage. In general, for current flowing 
in a direction from the resonant inductive element L1A to the lamp 102 (Ql ON) the 
polarities are shown without parentheses and for current flowing in an opposite direction, 
from the lamp to the resonant inductive element L1A (Q2 ON), the polarities are shown 
within the parentheses. 

As can be seen by examining the voltage at the bias element LIB, the second 
switching element Q2 is biased to the OFF state when current flows to the lamp 102 from 
the inductive element LI A. More particularly, a negative potential is applied to the base 
terminal 122 of the npn transistor Q2 to turn it OFF. And when the current reverses 
direction due to the resonant nature of the circuit, voltage polarities at the bias element 
LIB switch thereby biasing the transistor Q2 to the ON state by applying a positive 
potential to the base terminal 122. The RC network formed by the base resistor RB and 
the base capacitor CB provide a small delay to ensure that the first and second switching 
elements Ql ,Q2 are not ON at the same time. This condition is commonly known as cross 
conduction and is undesirable as the positive and negative rails 110,112 are effectively 
shorted together through the switching elements Q1.Q2. 

FIG. 4 shows the Q2 shutoff circuit 130 of FIG. 2 in further detail. The Q2 shutoff 
circuit 130 includes a third switching element Q3 and an RC network (R1,C1,R2) coupled 
to a Q3 shutoff circuit 132. The third switching element Q3 is shown as an npn transistor 
having a collector terminal 134 coupled to the base terminal 122 of the second switching 
element Q2, a base terminal 136 coupled to both a first resistor Rl and a first capacitor CI , 
and an emitter terminal 138 coupled to the negative rail 112 of the inverter. The first 
capacitor CI and a second resistor R2 are coupled between the base terminal 136 of the 
third switching element Q3 and the negative rail 112. The Q3 shutoff circuit 132 has a 
first terminal 132a coupled to a point between the series-coupled first capacitor CI and the 
second resistor R2. A second terminal 132b of the Q3 shutoff circuit is coupled to the 
negative rail 112 and a third terminal 132c is coupled to the unmarked end of the bias 
element LIB. 

The RC network formed by Rl, CI, and R2 is effective to turn the third switching 
element Q3 ON a preselected time after the bias element LIB applies a positive bias. The 
delay time is determined by the impedance values of the elements Rl, CI and R2 in the RC 
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network. When the third switching element Q3 is ON, a relatively small positive voltage 
comparable to the base-emitter voltage drop of Q3, will be present on the first capacitor 
CI. However, when the third switching element Q3 is OFF, the first capacitor CI will 
charge to a more significant voltage level, for example about minus five volts. When the 

5 bias element LIB first switches polarity so as to positively bias the base terminal 122, the 

second switching element Q2 turns ON. The bias element LIB also applies a bias to the 
base terminal 136 of the third switching element Q3. However, the third switching 
element Q3, will not turn ON until the negative charge on the first capacitive element CI 
discharges. Thus, the second switching element Q2 turns ON and remains ON until the 

10 third switching element Q3 turns ON. The delay for the third switching element Q3 to turn 

ON determines the duty cycle of the second switching element Q2. It is understood that 
the turning ON of the second switching element Q2 is determined by the natural resonance 
of the circuit and that the turning OFF of this element is altered by Q3. 

As the third switching element Q3 transitions to the ON state, the second switching 

15 element Q2 is turned off. As described below, the Q3 shutoff circuit 132 is effective to 

shorten the duty cycle of the second switching element Q2 or turn it off when excessive 
current levels are detected by turning Q3 ON. 

FIG. 5 shows an exemplary embodiment of the Q3 shutoff circuit 132. The Q3 
shutoff circuit 132 includes additional switching elements Q4,Q5, shown here as pnp 

20 transistors, that are effective to monitor the power to the load and selectively shorten the 

duty cycle of the second switching element Q2. The fourth switching element Q4 has a 
first or collector terminal 140 coupled to a point between the series-coupled first capacitor 
CI and second resistor R2, a second or base terminal 142 coupled to the negative rail 1 12 
via a third resistor R3, and a third or emitter terminal 144 coupled to the negative rail 1 12. 

25 A fourth resistor R4 is coupled between the base terminal 142 of the fourth switching 

element Q4 and a fifth resistor R5. A third diode D3 is coupled between the fifth resistor 
R5 and the unmarked end of the bias element LIB. A second or pre-heat capacitor C2 is 
coupled at one end to a point between the fourth and fifth resistors R4,R5 and at the other 
end to the negative rail 112. 

30 The fifth switching element Q5 has a collector terminal 146 coupled to the base 

terminal 142 of the fourth switching element Q4, a base terminal 148 coupled to the 
negative rail 112 via a sixth resistor R6, and an emitter terminal 150 coupled to the 
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negative rail. A feedback resistor RF is coupled between the negative rail 112 and the 
marked end of the bias element LIB with a seventh resistor R7 extending between the base 
terminal 148 of Q5 and the marked end of the bias element LIB. 

The fourth switching element Q4 is effective to limit the energy flowing to the lamp 
102 by adjusting the delay associated with the RC network formed by the first resistor Rl, 
the first capacitor CI, and the second resistor R2. More particularly, when the fourth 
switching element Q4 is ON maximum power can be transferred to the lamp 102. And 
when the fourth switching element Q4 is OFF less power can be transferred to the lamp 
102. 

When the fourth switching element Q4 is ON, this transistor substantially removes 
the resistance of the second resistor R2 from the circuit. By effectively shorting the second 
resistor R2, the impedance of this resistor does not factor into the time delay associated 
with the RC network (Rl, CI, R2). The first capacitor CI therefore discharges relatively 
slowly such that the time required to positively bias (by the bias element LIB) the base 
terminal 136 of the third switching element Q3 is niaximized. By niaximizing the time to 
torn the third switching element Q3 ON, the time that the second switching element Q2 
remains ON is also maximized thereby allowing the greatest amount of energy to flow to 
the lamp 102. 

However, when the fourth switching element 04 is OFF, the resistance of the 
second resistor R2 does factor into the time delay of the RC network (Rl, CI, R2). 
Therefore, the time delay is reduced and the first capacitor CI discharges relatively 
quickly. Since the first capacitor CI discharges more quickly with the fourth switching 
element Q4 OFF, the third switching element Q3 turns ON more rapidly. Consequently, 
the second switching element Q2 turns OFF earlier and the energy transferred to the load 
102 is reduced. 

The power control feature provided by the fourth switching element Q4 operates 
in start up mode as well as normal operation. The lamp 102 begins to emit light after a 
sequence of steps commonly referred to as rapid start mode. As known to one of ordinary 
skill in the art, in rapid start mode a current is first passed through the lamp 102 filaments 
to pre-heat the filaments for a predetermined amount of time, such as about 500 
milliseconds. After pre-heating the filaments, a strike voltage, e.g., 500 volts for a four 
foot lamp, is applied to the lamp to initiate current flow. Thereafter, an operational 
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voltage, e.g. , 140 volts, appears across the lamp as current flows through the lamp causing 
it to emit visible light. 

To pre-heat the lamp filaments, relatively low power should be applied to the lamp 
102. Initially, the second capacitor C2 is not charged and the fourth switching element Q4 
is OFF (minimum power). This provides minimum power to the lamp 102 as the second 
capacitor C2 charges and the lamp filaments are pre-heated. It should be noted that the 
second capacitor C2 charges negatively. When the voltage level across the second 
capacitor C2 is sufficient to overcome the emitter-base junction voltage of the fourth 
switching element Q4, shown as a pnp transistor, this transistor tarns ON (maximum 
power). The power to the lamp 102 therefore increases as the duty cycle of the second 
switching element Q2 increases such that a strike level voltage is generated and applied to 
the lamp 102. After striking the lamp 102 and initiating current flow, the circuit provides 
operational signal levels to the lamp as it emits light. 

Another feature of the ballast circuit is regulation of the load current such that 
lamps of differing power requirements can be energized. Typically, a fluorescent lamp 
family includes a series of lamps that have a common diameter but vary in length. For 
example, the lamps can come in eight foot, four foot, three foot, and two foot lengths. 
These lamps all require about the same amount of current since the diameter generally 
determines the current level. However, the voltage drop across the lamp increases as the 
length increases. The voltage drop across an eight foot lamp can be about 280 volts, 140 
volts for a four foot lamp, and about 70 volts for a two foot lamp. The circuit regulates 
the current to the lamp 102 to a predetermined level regardless of the particular voltage 
drop associated with the particular lamp placed in circuit, as described below. 

Lamp current regulation is achieved with a feedback circuit that causes current to 
flow at a predetermined level regardless of the voltage drop across the lamp. As described 
above, when the second switching element Q2 is ON current flows from the negative rail 
112 to the lamp 102 and through the resonant inductive element LI A. This current flow 
generates a voltage drop across the feedback resistor RF. When the voltage drop is 
sufficiently large, the fifth switching element Q5, shown here as a pnp transistor, turns 
ON. And when Q5 tarns ON, Q4 turns OFF and the power to the lamp 102 is reduced, 
as described above. As the power is reduced, Q5 turns OFF, Q4 turns ON and the power 
to the load is increased. Due to this feedback arrangement, the current through the 
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feedback resistor RF, and therefore the lamp 102, will settle to a predetermined level. In 
the exemplary embodiment shown, the emitter-base voltage drop across the pnp transistor 
Q5 is about 0.7 volts. Ignoring the voltage drop across the seventh resistor, the voltage 
drop across the sense resistor will also be about 0.7 volts. By selecting a certain value for 
5 the feedback resistor RF, e.g., one ohm, the lamp current can be regulated to a 

predetermined level, such as about 230 milliamps, without regard to the voltage drop 
across the lamp. 

The feedback circuit described above provides real time power control. That is, 
the circuit is controlled without a delay of even one cycle. Thus, a transient signal, that 
10 may otherwise cause cross conduction or other undesirable circuit conditions, is detected 

and prevented from damaging the circuit. This is in contrast to some known circuits that 
rectify a signal which is coupled to an integrated circuit and circuits that examine signal 
amplitudes. Such circuits generally require one or more cycles to respond to a transient 
or other signal. 

15 A further feature of the invention detects excessive signal levels when a lamp is 

marginally operational, e.g. , it does not light after application of a strike voltage. Lamp 
end-of-life, as used herein, refers to a lamp that is barely functional such that it may not 
light upon initial application of a strike voltage. As a lamp ages, typically it becomes more 
difficult to cause a current to pass through the lamp and thereby emit light. Although the 

20 lamp may not light after applying a strike voltage only once, it may light after repeated 

striking or application of a steady state strike voltage. However, where a steady state 
strike voltage is applied to a lamp that does not light, the circuit can generate a relatively 
high level of power that is not consumed by the lamp, e.g., is wasted. This can have a 
negative impact on the overall circuit in the form of component stress and heat build up. 

25 The ballast circuit of the present invention allows the power applied to the load to 

be reduced by shortening the duty cycle of or turning OFF the second switching element 
Q2 after detecting an excess voltage condition when trying to strike the lamp. The circuit 
also provides a repeating start-up sequence that applies a strike level voltage at preselected 
time intervals thereby reducing circuit stress and increasing circuit efficiency. 

30 In an exemplary embodiment shown in FIG. 6, an end-of-life 151 circuit includes 

a first zener diode DZ1 having a cathode 152 coupled to the unmarked end of the bias 
element LIB via a first diode Dl and an anode 154 coupled to the base terminal 142 of the 
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fourth transistor Q4 via a resistor RDZ1. The end-of-life circuit can also include a second 
zener diode DZ2 having a cathode 156 coupled to the unmarked end of the bias element 
LIB via a second diode D2 and an anode 158 coupled to the base terminal 136 of the third 
transistor Q3 via a resistor RDZ2. 

In operation, the circuit resonates thereby generating higher and higher voltages as 
the lamp 102 fails to strike, i.e., conduct current. When the voltage at the unmarked end 
of the bias element LIB becomes greater than a first predetermined threshold associated 
with the first zener diode DZ1, the fourth switching element Q4 is turned OFF. As 
described above, turning Q4 OFF reduces the energy transmitted to the lamp 102. 
Similarly, when the voltage at the unmarked end of the bias element LIB becomes greater 
than a second predetermined threshold determined by the second zener diode DZ2 , the base 
terminal 136 of the third transistor Q3 is positively biased thereby turning it ON which 
turns the second switching element Q2 OFF so as to disable the inverter. 

In another feature of the invention, a ballast circuit includes a start-up circuit that 
implements a repeating start-up sequence that periodically applies a strike voltage to a 
lamp. The start-up circuit applies a strike voltage to the lamp at predetermined intervals 
until the lamp lights. By limiting the amount of time that a strike level voltage is applied 
to a lamp that fails to light, circuit stress is greatly reduced. 

FIGS. 7-8 show an exemplary embodiment of a start-up circuit 180 for 
implementing a repeating start-up sequence in accordance with the present invention. The 
start-up circuit 180 is generally coupled between the positive and negative rails 110, 112 
of the inverter and to the lamp 102. When the circuit is initially energized, the start-up 
circuit 180 charges for a period of time and then applies a voltage to the base terminal 122 
of the second switching element Q2 to turn it ON and start the circuit. 

In one embodiment, the start-up circuit 180 includes a resistor RPR coupled 
between the positive rail 1 10 and a start-up capacitor CST which is coupled to the negative 
rail 112. A start-up diode DST is coupled between the resistor RPR and the collector 
terminal 120 of the second switching element Q2. A diac DDST is coupled between the 
resistor RPR and the base terminal 122 of the second switching element Q2. As the circuit 
is energized, the start-up capacitor CST charges until the diac DDST becomes conductive 
and positively biases the base terminal 122 of the second transistor Q2 to thereby start the 
circuit. 
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In an illustrative embodiment, the start-up circuit 180 further includes a sixth 
switching element Q6, shown here as a transistor, and a rapid start capacitor CRS for 
implementing a controlled start-up sequence to periodically apply a strike voltage to a lamp 
that has failed to light. The transistor Q6 includes a collector terminal 160 coupled to a 
point between the resistor RPR and the start-up capacitor CST, a base terminal 162 coupled 
to the rapid start capacitor CRS via a resistor RRS, and an emitter tenninal 164 coupled 
to the negative rail 112. A resistor RQ6 is connected between the base and emitter 
tenninals 162, 164 of the transistor Q6. The rapid start capacitor CRS has a first terminal 
166 coupled to the negative rail 1 12 of the inverter and a second terminal 168 coupled to 
the rapid start resistor RRS and a diode DRS. A cathode 170 of the diode DRS is 
connected to the capacitor CRS and an anode 172 is coupled to a point between the lamp 
102 and the unmarked end of the bias element LIB. 

After the circuit starts, the rapid start capacitor CRS becomes charged so that after 
an end-of-life or other condition has been detected, for example the threshold of the first 
and/or second zener diode DZ1.DZ2 has been exceeded, the start-up capacitor CST is 
prevented from charging until the rapid start capacitor CRS discharges. After the capacitor 
CRS discharges, the transistor Q6 turns OFF and the start-up capacitor CST charges 
through the resistor RPR until the diac DDST voltage threshold is exceeded and the second 
switching element 02 is turned ON. The capacitance value for the rapid start capacitor 
CRS is selected to attain a predetermined time between detecting an end-of-life condition 
and repeating a rapid start sequence. 

In an exemplary embodiment, a time of about one second is selected for the rapid 
start capacitor CRS to discharge. For a pre-heat time of about 0.5 seconds and a strike 
level voltage applied for about 100 milliseconds, the total cycle time is slightly more than 
1 .5 seconds with a duty cycle of the applied strike voltage less than about 0.001 percent. 
It is understood, however, that the duty cycle of the applied strike voltage can vary widely 
depending upon the values of the capacitors CRS.CST. Without limitation thereto, 
exemplary duty cycles include fifty percent, ten percent, one percent, 0.1 percent, 0.01 
percent, 0.001, percent, 0.0001, percent, and 0.00001 percent. Since a strike voltage is 
applied for a relatively short amount of time as compared to the complete cycle, a higher 
strike voltage, 1000 volts for example, can be applied to the lamp. Thus, a higher strike 
voltage, which increases the likelihood of lighting the lamp, can be applied to the lamp 
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while decreasing the overall stress on the circuit components as compared with applying 
a lower steady state strike voltage, such as 500 volts. 

FIG. 9 shows an alternative embodiment 100' of the inverter circuit 100 of FIG. 2 
The inverter circuit 100* includes a third switching element Q3, shown as a transistor, 
having a collector terminal 134 coupled to the base terminal 122 of the second switching 
element Q2 via a resistor R2, a base terminal 136 coupled to the negative rail 112 via a 
potentiometer R3, and an emitter terminal 138 coupled to the unmarked end of the bias 
element LIB via a diode Dl. The base terminal 136 of the third switching element Q3 and 
the unmarked end of the bias element LIB are connected via a resistor Rl. 

In operation, the base capacitor CB becomes negatively charged when the second 
switching element Q2 is OFF which delays the subsequent turning ON of Q2 thereby 
increasing the dead time and reducing the likelihood of Q1/Q2 cross conduction. More 
particularly, when the first switching element Ql is ON and the second switching element 
Q2 is OFF, the bias element LIB applies a negative potential to the base terminal 122 of 
the second switching element Q2. The bias element LIB also applies a negative potential 
to the emitter terminal 138 of the third switching element Q3 which causes Q3 to transition 
to a conductive state. It is understood that the ratios of the voltage dividing resistors 
R1,R2 determine at what point the third switching element Q3 turns ON. When Q3 is 
conductive, a negative charge is stored by the base capacitor CB. Due to the negative 
charge stored by the base capacitor CB, the turning ON of the second switching element 
Q2 is delayed when the voltage at the bias element LIB switches to apply a positive bias 
to the base terminal 122 of the second switching element Q2. The delay in turning ON the 
second switching element Q2 is effective to prevent or reduce cross conduction of the first 
and second switching elements Q1.Q2. 

FIG. 10 shows another alternative embodiment 100" of the circuit 100 of FIG. 2 
for controlling the conduction state of the second switching element Q2. A third switching 
element Q3, shown as a transistor, has a collector terminal 134 coupled to a base terminal 
122 of the second switching element Q2, a base terminal 136 coupled to first, second, and 
third resistors Rl , R2.R3. The second and third resistors R2,R3 form a series circuit path 
from the unmarked end of the bias element LIB to the negative rail 1 12 of the inverter. 
The first resistor Rl, a diode Dl, and a feedback resistor RF form a series circuit path 
from the base terminal 136 of Q3 to the negative rail 112. A capacitor CI has one end 
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coupled to the negative rail 112 and the other end coupled to a point between the first 
resistor Rl and the first diode Dl. 

In operation, the second switching element Q2 is turned OFF by the turning ON 
of the third switching element Q3 to increase the dead time and prevent Q1/Q2 cross 
conduction. In general, the third switching element Q3 turns the second switching element 
Q2 OFF when the voltages appearing at the capacitor CI and across the second resistor R2 
combine to bias the third switching element Q3 to a conductive state. More particularly, 
while the first switching element Ql is ON (and Q2 is OFF), a voltage across the feedback 
resistor RF is rectified and the capacitor CI charges to a predetermined level. When the 
voltage and currents switch due to the resonant operation of the circuit, the bias element 
LIB biases the second switching element Q2 to the conductive state. The positive voltage 
at the unmarked end of the bias element LIB continues to increase, until after a time, the 
bias element voltage (via R2) combines with the voltage at the capacitor CI to reach a 
threshold level at the base terminal of the third switching element Q3 that is sufficient to 
bias Q3 to a conductive state and thereby turn 02 OFF. The resulting increase in dead 
time reduces the likelihood of cross conduction between the first and second switching 
elements Q1.Q2. 

FIG. 11 shows still another alternative embodiment 100"' of the inverter 100 of 
FIG. 4. The circuit 100"' includes a third switching element Q3 having a collector terminal 
134 coupled to the base terminal 122 of the second switching element Q2, a base terminal 
136 coupled to the unmarked end of the bias element LIB via a resistor Rl, and an emitter 
terminal 138 coupled to a point between the series-coupled bias element LIB and feedback 
resistor RF. Resistor R2 and capacitor CI are coupled in parallel between the base 
terminal 136 of Q3 and the negative rail 1 12 of the inverter. 

During a transition of Ql to the ON state, the third switching element Q3 holds Q2 
OFF to prevent Q1/Q2 cross conduction. More particularly, current flowing from the 
negative rail 112 through the feedback resistor RF negatively biases the emitter terminal 
138 of the third switching element Q3 to turn or keep Q3 ON. Current flow in this 
direction is generally associated with the portion of the resonant cycle where the second 
switching element Q2 is ON. And while the third switching element Q3 is ON, the second 
switching element Q2 is OFF. Thus, the third switching element Q3 substantially 
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eliminates cross conduction between the first and second switching elements Ql ,Q2 as the 
first switching element Ql transitions to a conductive state. 

FIG. 12 shows another inverter circuit 200 in accordance with the present invention 
that regulates the amount of energy flowing to a lamp 202 by controlling the duty cycle of 
the second switching element Q2. More particularly, the time during which the second 
switching element Q2 is conductive is shortened so as to reduce the level of energy to the 
lamp. It is understood that the duty cycle of the first switching element Ql can be 
controlled instead of or in addition to the duty cycle of the second switching element Q2. 
In an exemplary embodiment, the first and second switching elements Q1.Q2 are coupled 
in a half bridge configuration. However, it is understood that in other embodiments, full 
bridge topologies are utilized. 

The inverter circuit 200 includes a first switching element Ql, shown here as an 
npn transistor, having a collector terminal 204 coupled to a positive rail 206 of the inverter 
circuit, a base terminal 208 coupled to a first control circuit 210, and an emitter tenninal 
212 coupled to the second switching element Q2. The second switching element Q2 
includes a collector terminal 214 coupled to the first switching element Q 1 , a base terminal 
216 coupled to a second control circuit 218 and an emitter terminal 220 coupled to a 
negative rail 222 of the inverter circuit. 

A first resonant inductive element LR1 is coupled in series with a first DC blocking 
capacitor CS. The lamp 202 is coupled to a point between first and second bridge 
capacitors CP1.CP2 which are coupled end to end between the positive rail 206 of the 
inverter and a threshold detection circuit 224. The threshold detection circuit 224 provides 
an indication to the second control circuit 218 when the energy through the lamp 202 
and/or capacitor CP2 exceeds a respective threshold. It is understood that during rapid 
start mode of operation (when a current flows through the lamp filaments to pre-heat the 
filaments), the current through the capacitor CP2 is of interest and that during normal 
operation (when the lamp is conducting current and emitting light), the current through the 
lamp 202 is of particular interest. 

FIG. 13 shows an exemplary embodiment of the second control circuit 218 of FIG. 
12. The second control circuit 218 includes a base capacitor CB coupled between the base 
terminal 216 and the emitter terminal 220 of the second switching element Q2. The emitter 
tenninal 220 is shown here as also being coupled to the negative rail 222 of the inverter. 
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A base resistor RB has a first terminal 224 coupled to the base terminal 216 of the second 
switching element Q2 and a second tenninal 226 coupled to an inductive bias element LR2. 
The bias element LR2 is coupled between the base resistor RB and the negative rail 222. 
The threshold detection circuit 224 is coupled to the base tenninal 216 of the second 
switching element Q2 for controlling the conduction state of the second switching element 

Q2, as described below. 

In operation, the inverter circuit 200 energizes the lamp 202 with an AC signal at 
a resonant frequency of the circuit. Current through the lamp 202 periodically reverses 
direction such that during a first half of a resonant cycle, the first switching element Ql 
is ON and the second switching element Q2 is off. And when Ql is on, current flows from 
the positive rail 206 to the resonant inductive element LR1 and the lamp in a first direction. 
After a time determined by the resonant frequency of the circuit the current reverses 
direction. The first switching element Ql turns OFF and the second switching element Q2 
turns ON. Current then flows from the lamp 202 through the resonant inductive element 
LR1 and the second switching element Q2. Due to the polarity of the bias element LR2 
in relation to the polarity of the resonant inductive element LR1, the bias element LR2 
positively biases the base terminal 216 of the second switching element Q2 so as to turn 
it ON. 

Referring now to FIG. 14, an exemplary embodiment of the threshold detection 
circuit 224 of FIG. 13 is shown. The threshold detection circuit 224 turns off the second 
switching element Q2 when the threshold detection circuit detects a current level that is 
above apredetermined threshold. In the embodiment shown, the threshold detection circuit 
224 includes circuitry to separately monitor current through the lamp 202 and current 
through the capacitor CP2. 

The threshold detection circuit 224 includes a third switching element Q3, shown 
as an npn transistor, having a first or collector terminal 226 coupled to the base terminal 
216 of the second switching element Q2, a second or base terminal 228 coupled to the 
negative rail 222 via a resistor RQ3B and a third or emitter terminal 230 coupled to a 
feedback circuit 232 formed from a resistor/diode network. 

In one embodiment, the feedback circuit 232 includes a first diode Dl having an 
anode 234 coupled to the emitter terminal 230 of the third switching element Q3 and a 
cathode 236 coupled to a point between the lamp 202 and a first feedback resistor RF1. 
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The first feedback resistor RF1 is coupled between the lamp 202 and the negative rail 222 
for detecting a current flow that is greater than a first predetermined threshold. The 
feedback circuit 234 further includes a second diode D2 having an anode 238 coupled to 
the emitter terminal 230 of the third switching element Q3 and a cathode 240 coupled to 
a point between the bridge capacitor CP2 and a second feedback resistor RF2. The second 
feedback resistor RF2 is coupled between the bridge capacitor CP2 and the negative rail 
222 for detecting a current through the capacitor CP2 that is greater than a second 
predetermined threshold. 

Since the second control circuit 218 and the threshold detection circuit 234 are 
coupled to the second switching element Q2, the time that the second switching element 
Q2 is ON is of interest. To reduce the energy at the load when excessive energy levels are 
detected, the second switching element Q2 is turned off prematurely, i.e., the duty cycle 
is reduced. 

As shown in FIG. 14A, when the second switching element Q2 is ON, a current 
IL flows in a direction from the load 202 through the resonant inductive element LR1 and 
the second switching element Q2. Current flowing from the negative rail 222 of the 
inverter generates a voltage drop across the first feedback resistor RF1. The polarity of 
the voltage drop across various circuit elements are indicated with a " + " and "-. " When 
the level of current flowing from the negative rail 222 to the lamp 202 is greater than the 
first predetermined threshold, which is selected based on the impedance value of the circuit 
elements, e.g., RF1, the third switching element Q3 becomes conductive thereby turning 
the second switching element Q2 OFF. More particularly, when the voltage drop across 
the first feedback resistor RF1 is such that the base-emitter junction voltage of Q3 exceeds 
about 0.7 volts, the third switching element Q3 turns ON thereby turning OFF the second 

switching element Q2. 

The second feedback resistor RF2 is effective to select the second predetermined 
threshold for a current flowing through the bridge capacitor CP2 during pre-heat or other 
condition where current may not be flowing through the lamp 202. When the current 
flowing from the negative rail 222 to the capacitor CP2 generates a voltage drop across the 
second feedback resistor RF2 that is sufficient to turn the third switching element Q3 ON, 
the second switching element Q2 is turned OFF. By shortening the ON time of the second 
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switching element Q2, the level of current flowing through the capacitor CP2 is limited to 
a predetermined level. 

FIG. 15 shows a further embodiment of an inverter circuit 300 in accordance with 
the present invention. The inverter circuit 300 has a full bridge topology formed by first 
and second switching elements Ql ,Q2, shown as transistors, first and second bridge diodes 
DB1.DB2 and inductively coupled first and second inductive elements L1A1.L1A2. 
During resonant operation of the circuit, the first and second switching elements Q1.Q2 
are alternately conductive as current periodically reverses direction. In general, the 
inverter circuit operates in a repeating sequence of steps as follows: Q2-ON; D1.D2-ON; 
Ql-ON; and D1.D2-ON. When the first switching element Ql is ON, current flows 
through the transistor Ql and the second inductive element L1A2 to a lamp 302. And 
when Q2 is ON, the current flows in the opposite direction from the lamp 302 through the 
first inductive element L1A1 and the second transistor Q2. The first and second diodes 
D1.D2 are conductive when the first and second switching elements Q1.Q2 are both off, 
known as dead time, to provide a dissipation path for energy stored in the circuit elements. 
Operation of a full bridge circuit of this type is described in detail in co-pending and 
commonly assigned U.S. Patent Application No. 08/948,690 incorporated herein by 
reference above. 

FIG. 16 shows an illustrative embodiment of the inverter circuit 300 of FIG. 15 
implementing power control features in accordance with the present invention. The circuit 
300, as shown, includes a conventional rectifier circuit formed from bridge diodes DB1-4 
and a filter circuit formed from inductor LI and capacitor CO. Operation of the rectifier 
and filter circuits are well known to one of ordinary skill in the art. Suffice it here to say 
that these circuits receive an AC signal and output a DC signal that energizes the inverter 
circuit via the positive and negative rails. The circuit also includes a start-up circuit 
formed from resistors RPR, RST, capacitors CST, CRD and diodes DST, DDST. In 
general, when the start-up capacitor CST charges to a voltage level that is greater then a 
threshold voltage level of the diac DDST, the second switching element Q2 turns ON 
thereby starting the circuit. 

An exemplary embodiment of a first control circuit 304 for controlling the 
conduction state of the first switching element Ql includes an RC network, as shown, 
formed from RSU3, RQ1, CQ1B, RQ1L and a Ql bias element L1C which is inductively 
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coupled with the first and second inductive elements L1A1,L1A2. Operation of the Ql 
control circuit is similar to that described above. More particularly, the Ql bias element 
L1C biases the first switching element Ql to a conduction state depending upon the voltage 
polarity of the Ql bias element L1C. Thus, current flow in a direction from the second 

5 inductive element LI A2 to the lamp 302 biases the first switching element Ql to the ON 

state and current flow in the opposite direction biases it to the OFF state. 

In the illustrative embodiment shown, a second control circuit 306 includes a third 
switching element Q3, shown as an npn transistor, for controlling the conduction state of 
the second switching element Q2. The second switching element Q2 has a collector 

10 terminal 308 coupled to the first inductive element LI Al , a base terminal 3 10 coupled to 

the unmarked end of the bias element LIB via a base resistor RB, and a emitter terminal 
312 coupled to the base terminal 310 via a capacitor CB. The transistor Q3 includes a 
collector terminal 3 14 coupled to the base terminal 3 10 of the second transistor Q2, a base 
terminal 3 16 coupled to an unmarked end of a bias element LIB via a resistor Rl , and an 

15 emitter terminal 318 coupled to a first terminal 320 of a feedback resistor RF. A first 

zener diode DZ1 is coupled in series with a diode Dl and a resistor RDZ1 to form a 
connection between the base terminal 316 of the third transistor Q3 and the unmarked end 
of the bias element LIB. The circuit is shown with optimal jumper connections Wl-5 that 
increase circuit flexibility, as known to one skilled in the art. 

20 The third transistor Q3 is controlled at the base and emitter terminals 316, 318. 

More particularly, the voltage at the bias element LIB appears at the base terminal 316 of 
the third transistor Q3 and the voltage drop across the feedback resistor RF appears at the 
emitter terminal 318. In general, the third transistor Q3 controls the duty cycle of the 
second switching element Q2 in a manner like that described above. More particularly, 

25 the bias element LIB turns the second switching element Q2 ON and, after a period of time 

determined by delay provided with R1,C1, R2, the third transistor Q3 turns ON thereby 
turning the second switching element Q2 OFF. The configuration of the feedback resistor 
RF and the first and second switching elements Q2,Q3 regulates the lamp current to a 
predetermined level such that lamps having differing voltage drops can be energized by the 

30 circuit. And the zener diode DZ1 provides a voltage threshold above which the third 

switching element Q3 turns ON thereby turning the second switching element OFF and 
reducing the power to the lamp. 



-24- 



WO 00/24233 



PCT/US99/23674 



One skilled in the art will appreciate further features and advantages of the 
invention based on the above-described embodiments. Accordingly, the invention is not 
to be limited by what has been particularly shown and described, except as indicated by 
the appended claims. All publications and references cited herein are expressly 
incorporated herein by reference in their entirety. 

What is claimed is: 
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CLAIMS 

1. A ballast circuit for energizing a lamp, comprising: 

a resonant circuit including a resonant inductive element coupled to first and second 
switching elements; 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element; 

a second control circuit coupled to the second switching element for controlling a 
conduction state of the second control circuit, the second control circuit including 

a third switching element coupled to the second switching element, the third 
switching element having a first state which causes the second switching element to 
transition to non-conductive state and a second state which allows the second switching 
element to transition to a conductive state; and 

a third control circuit coupled to the third switching element for controlling 
a conduction state of the third switching element; and 

a bias element coupled to the second and third switching elements for 
biasing the second and third switching elements to a first one of conductive and non- 
conductive states; and 

a delay circuit for biasing the third switching element to the first state a 
predetermined interval after the second switching element transitions to a conductive state. 

2. The circuit according to claim 1, wherein the third control circuit includes a fourth 
switching element coupled to the third switching element for controlling the state of the 
third switching element. 

3. The circuit according to claim 2, wherein the predetermined interval for the third 
switching element increases as a duty cycle of the fourth switching element increases. 

4. The circuit according to claim 3, wherein the delay circuit includes a first resistor 
coupled between the third switching element and the bias element, a first capacitor and a 
second resistor coupled in series and coupled to the third switching element such that the 
fourth switching element is coupled across the second resistor. 



-26- 



WO 00/24233 



PCT/US99/23674 



5. The circuit according to claim 2, wherein the third control circuit detects a current 
flowing through the lamp and alters the conduction state of the fourth switching element 
when the lamp current is greater than a predetermined level. 

6. The circuit according to claim 5, wherein the predetermined interval decreases as the 
lamp current increases above a predetermined threshold thereby decreasing the power 
provided to the lamp. 

7. The circuit according to claim 2, wherein a maximum duty cycle for the fourth 
switching element corresponds to a maximum power to the lamp. 

8. The circuit according to claim 2, wherein the third control circuit further includes a 
fifth switching element coupled to the fourth switching element for controlling a conduction 
state of the fourth switching element. 

9. The circuit according to claim 8, wherein the fourth and fifth switching elements are 
coupled in a feedback arrangement such that the current flowing to the lamp is regulated 
to a predetermined current level. 

10. The circuit according to claim 9, wherein the predetermined current level corresponds 
to a lamp having a particular cross-sectional area. 

11. The circuit according to claim 10, wherein the lamp can vary in length. 

12. The circuit according to claim 9, further including a feedback resistor through which 
a current to the lamp flows, the feedback resistor being coupled to the fifth switching 
element. 

13 . The circuit according to claim 2, further including a pre-heat capacitor coupled to the 
fourth switching element for biasing the fourth switching element to a non-conductive state 
until the pre-heat capacitor is charged to a predetermined voltage level. 
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14. The circuit according to claim 13, wherein a time required for the pre-heat capacitor 
to charge to the predetermined voltage level corresponds to a pre-heat time associated with 
a rapid start mode of operation of the ballast circuit. 

5 15. The circuit according to claim 14, wherein the fourth switching element is a pnp 

transistor and the pre-heat capacitor is coupled to a base terminal of the transistor. 

16. The circuit according to claim 1, wherein the second control circuit regulates a 
current to the lamp such that the ballast circuit can energize a plurality of lamps each 

10 having about the same cross-sectional area and differing in length. 

17. The circuit according to claim 1, wherein the bias element includes an inductive 
element which is inductively coupled to the resonant inductive element. 

15 18. A ballast circuit for energizing a lamp, comprising: 

a resonant inverter circuit including a resonant inductive element and first and 
second switching elements coupled in a half bridge configuration; 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element; and 
20 a second control circuit coupled to the second switching element for controlling a 

conduction state of the second switching element, the second control circuit including: 

a third switching element coupled to the second switching element for 
controlling the conduction state of the second switching element; 

a fourth switching element coupled to the third switching element, the fourth 
25 switching element for altering a duty cycle of the third switching element; and 

an inductive bias element inductively coupled to the resonant inductive 
element, the inductive bias element being coupled to the second and third switching 
elements for controlling the respective conduction states of the second and third switching 
elements. 

30 

19. The circuit according to claim 18, wherein a maximum duty cycle for the fourth 
switching element corresponds to maximum power to the lamp. 
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20. The circuit according to claim 18, further including a fifth switching element coupled 
to the fourth switching element in a feedback arrangement and a feedback resistor through 
which a current to the lamp flows, the feedback resistor being coupled to the fifth 
switching element such that the lamp current is biased to a predetermined current level. 

21 . The circuit according to claim 20, wherein the ballast circuit is effective to energize 
a plurality of lamps each having about an equal cross-sectional area and differing in length. 

22. A ballast circuit for energizing a lamp, comprising: 

an inverter circuit including a resonant inductive element coupled to at least one 
switching element; 

at least one control circuit coupled to the lamp and to the at least one switching 
element for controlling a conduction state of the at least one switching element, wherein 
the at least one control circuit regulates a current through the lamp to a predetermined level 
by controlling a duty cycle of the at least one switching element for energizing the lamp 
which has a predetermined cross-sectional area and which can vary in length. 

23. A resonant ballast circuit for energizing a lamp, comprising: 

a first switching element; 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element; 

a second switching element coupled to the first switching element; 

a second control circuit coupled to the second switching element for controlling a 
conduction state of the second switching element; 

a resonant inductive element coupled between the first and second switching 

elements and to the lamp; 

a threshold detection circuit coupled to the lamp and to the second control circuit, 
the threshold detection circuit for detecting a current level greater than a first 
predetermined current level and providing an indication thereof to the second control 
circuit which transitions the second switching element to a non-conductive state. 
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24. The circuit according to claim 23, further including a resonant capacitor coupled to 
the lamp, wherein the first predetermined current level corresponds to a current level 
through the resonant capacitor prior to current passing through the lamp. 

25. The circuit according to claim 23, wherein the first predetermined current level 
corresponds to a current level through the lamp. 

26. The circuit according to claim 23, wherein the second control circuit includes a third 
switching element coupled to the second switching element, wherein the third switching 
element biases the second switching element to the non-conductive state when the a current 
greater then the first predetermined current level is detected. 

27. The circuit according to claim 26, further including a first feedback resistor coupled 
to the load and to the third switching element for detecting a current level through the 
lamp. 

28. A ballast circuit for energizing a lamp, comprising: 

a resonant inverter circuit including first and second switching elements and a 

resonant inductive element; 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element; and 

a second control circuit coupled to the second switching element for controlling a 
conduction state of the second switching element, the second control circuit including 

a third switching element having first, second and third terminals, the first 
terminal being coupled to the second switching element and the second terminal being 
referenced to a rail of the inverter circuit; and 

a first feedback resistor coupled between the rail of the inverter circuit and 
the lamp, the third terminal of the third switching element being coupled to the first 
feedback resistor. 
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29. The circuit according to claim 28, farther including a capacitor coupled to the lamp 
and the rail of the inverter circuit and a second feedback resistor coupled between the 
capacitor and the rail. 

30. The circuit according to claim 29, farther including a first diode coupled between the 
third switching element and the first feedback resistor and a second diode coupled between 
the third switching element and the second feedback resistor. 

31 . A ballast circuit for energizing a lamp, comprising: 

a resonant inverter circuit including first and second switching elements and first 
and second inductive elements coupled in a fall bridge configuration, a DC blocking 
capacitor coupled to a point between the first and second inductive elements, lamp 
terminals for coupling to the lamp, the lamp terminals being coupled to the DC blocking 
capacitor, and a bridge capacitor coupled across the lamp terminals; 

a first control circuit coupled to the first switching element for controlling the 
conduction state of the first control circuit; 

a second control circuit coupled to the second switching element for controlling a 
conduction state of the second switching element, the second control circuit including a 
third switching element coupled to the second switching element and an inductive bias 
element inductively coupled to at least one of the first and second inductive elements, the 
bias element being coupled to the second and third switching elements for biasing the 
second and third switching elements to a conduction state. 

32. The ballast circuit according to claim 31 , farther including a voltage threshold circuit 
coupled between the bias element and the third switching element, the voltage threshold 
circuit being effective to bias the third switching element to a conductive state upon 
detecting a voltage at the bias element that is greater than a first predetermined voltage 
level. 

33. The ballast circuit according to claim 32, wherein the voltage threshold circuit 
includes a zener diode. 
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34. The ballast circuit according to claim 31, further including a feedback resistor 
coupled between the second and third switching elements and to the lamp such that a 
current flowing through the lamp flows through the feedback resistor. 

35. The ballast circuit according to claim 34, wherein the second and third switching 
elements are transistors and the feedback resistor is coupled between emitter terminals of 
the second third switching elements and the bias element is coupled to base terminals of 
the second and third switching elements. 

36. An inverter circuit, comprising: 

first and second switching elements coupled to a resonant circuit which includes a 
resonant inductive element and a resonant capacitive element; and 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element, the first control circuit including: 

a base capacitor coupled between the first switching element and a negative 

rail of the inverter; 

an inductive bias element inductively coupled to the resonant inductive 
element for alternately biasing the first switching element to conductive and non-conductive 
states; and 

a third switching element having a first terminal coupled to the first 
switching element, a second terminal coupled to the negative rail of the inverter and to the 
bias element via a first resistor, and a third terminal coupled to the bias element via a 
current switch, 

wherein the base capacitor negatively charges when the third switching 
element is conductive and the negative charge delays a subsequent transition of the first 
switching element to a conductive state. 

37. An inverter circuit, comprising: 

first and second switching elements coupled to a resonant circuit which includes a 
resonant inductive element and a resonant capacitive element; and 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element, the first control circuit including: 
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an inductive bias element inductively coupled to the resonant inductive 
element for alternately biasing the first switching element to conductive and non-conductive 
states; 

a feedback resistor having a first end coupled to the bias element and a 
second end coupled to a negative rail of the inverter; 

a third switching element having a first terminal coupled to the first 
switching element, a second terminal coupled to a point between the bias element and the 
feedback resistor via a current switch, and a third terminal coupled to the negative rail; and 

a capacitor having a first terminal coupled to a point between the current 
switch and the second terminal of the third switching element and a second terminal 
coupled to the negative rail; and 

first and second resistors providing a series circuit path from the bias 

element to the negative rail; 

wherein the voltages at the capacitor and the bias element combine to bias 
the third switching element to a conductive state after the first switching element transitions 
to a conductive state. 

38. An inverter circuit, comprising: 

first and second switching elements coupled to a resonant circuit which includes a 
resonant inductive element and a resonant capacitive element; and 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element, the first control circuit including: 

an inductive bias element inductively coupled to the resonant inductive 
element for alternately biasing the first switching element to conductive and non-conductive 
states; 

a feedback resistor having a first terminal coupled to the bias element and 
a second terminal coupled to the negative rail; and 

a third switching element having a first terminal coupled to the first 
switching element, a second terminal coupled to the negative rail via an RC network and 
to the bias element via a first resistor, and a third terminal coupled to a point between the 
bias element and the feedback resistor, 
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wherein current flow from the negative rail through the feedback resistor 
biases the third switching element to a conductive state which causes the first switching 
element to transition to a non-conductive state. 

39. A ballast circuit for energizing a lamp, comprising: 

an inverter circuit for providing an AC signal to the lamp, the inverter including 
positive and negative voltage rails, and a first switching element; and 

a start up circuit including 

a start up capacitor coupled between the positive and negative voltage rails 
of the inverter and to the first switching element for charging to a voltage level sufficient 
to bias the first switching element to a conductive state which initiates operation of the 
inverter; and 

a start up switching element coupled to the start up capacitor, the start up 
switching element having a first state which discharges the start up capacitor and a second 
state which allows the start up capacitor to store charge. 

40. The ballast circuit according to claim 39 , wherein the start up circuit further includes 
a rapid start capacitor coupled to the inverter and to the start up switching element for 
biasing the start up switching element to the first and second states. 

41 . The ballast circuit according to claim 40, wherein the rapid start capacitor is coupled 
to the negative rail of the inverter. 

42. The ballast circuit according to claim 40, wherein the start up circuit further includes 
a diode coupled to the inverter and to the start up capacitor for rectifying a signal which 
corresponds to the AC signal to the lamp for charging the start up capacitor. 

43. The ballast circuit according to claim 42, wherein the diode is coupled to the lamp. 

44. The ballast circuit according to claim 39, wherein the start up switching element is 
a transistor having a first terminal coupled to a first terminal of the start up capacitor, a 
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second terminal coupled to the rapid start capacitor and a third tenninal coupled to a 
second tenninal of the start up capacitor. 

45. The ballast circuit according to claim 39, further including an end of life circuit for 
disabling the inverter when a voltage applied to the lamp exceeds a predetermined 
threshold. 

46. The ballast circuit according to claim 45, wherein the rapid start capacitor requires 
a predetermined amount of time to discharge after which the start up capacitor can store 
charge. 

47. The ballast circuit according to claim 46, wherein the voltage level on the rapid start 
capacitor biases the start up switching element to a respective one of the first and second 
states. 

48. The ballast circuit according to claim 45, wherein the ballast generates a repeating 
start up sequence of applying a strike voltage to the lamp at a predetermined duty cycle 
until the lamp lights. 

49. The ballast circuit according to claim 48, wherein the duty cycle of the strike voltage 
applied to the lamp is less than about ten percent. 

50. The ballast circuit according to claim 48, wherein the duty cycle of the strike voltage 
applied to the lamp is less than about one percent. 

51. A ballast circuit for energizing a lamp, comprising: 

an inverter circuit having first and second switching elements coupled between 
positive and negative rails of the inverter; 

a start up capacitor having a first terminal coupled to the positive rail and a second 
tenninal coupled to the negative rail; 
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a start up switching element having a first terminal coupled to the first terminal of 
the start up capacitor, a second terminal, and a third terminal coupled to the negative rail 
of the inverter; 

a rapid start capacitor having a first terminal coupled to the negative rail and a 
5 second terminal coupled to the second terminal of the start up switching element; and 

a diode coupled between the lamp and the rapid start capacitor. 

52. The ballast circuit according to claim 51, further including an end of life circuit 
which disables the inverter when a voltage applied to the lamp becomes greater than a 

10 predetermined threshold. 

53. The ballast circuit according to claim 51 , wherein rapid start capacitor discharges for 
a time greater than about 0. 1 seconds before the start up switching element transitions to 
a non-conductive state. 

15 

54. The ballast circuit according to claim 52, wherein the ballast generates a repeating 
start up sequence until the lamp lights. 

55. A method of lighting a lamp, comprising: 

20 (a) energizing a ballast circuit having a switching element and a start up capacitor for 

initiating operation of the inverter; 

(b) applying a steadily increasing strike voltage to the lamp; 

(c) disabling the inverter when the voltage applied to the lamp increases above a 
predetermined level; 

25 (d) waiting for a predetermined amount of time; and 

(e) repeating steps (b)-(d). 

56. The method according to claim 55, wherein the waiting for a predetermined amount 
of time corresponds to a time required for a rapid start capacitor to discharge which is 

30 charged as the inverter operates. 
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57. The method according to claim 55 , wherein the waiting for the predetermined amount 
of time further corresponds to a voltage level on the rapid start capacitor which controls 
a conduction state of a switching element coupled across a start up capacitor for initiating 
operation of the inverter. 

58. The method according to claim 57, wherein the strike voltage has a duty cycle of less 
than about fifty percent. 

59. A ballast circuit for energizing a lamp, comprising: 

a resonant inverter including a resonant inductive element coupled to a first 
switching element for providing an AC signal to the lamp; and 

a first control circuit coupled to the first switching element for controlling a 
conduction state of the first switching element, the first control circuit including an end of 
life circuit for limiting a voltage level applied to the lamp when it foils to light. 

60. The ballast circuit according to claim 59, wherein the first control circuit includes a 
second switching element coupled to the first switching element, the second switching 
element having a first state which causes the first switching element to transition to a non- 
conductive state and second state which allows the first switching element to transition to 
a conductive state. 

61 . The ballast circuit according to claim 60, wherein the first control circuit includes an 
inductive bias element that is inductively coupled to the resonant inductive element for 
alternately biasing the first switching element to conductive and non-conductive states. 

62. The ballast circuit according to claim 61, wherein the end of life circuit includes a 
threshold circuit coupled to the bias element and to the second switching element such that 
when a voltage on the bias element, which corresponds to the lamp voltage, becomes 
greater than a threshold voltage associated with the threshold circuit the second switching 
element transitions to the first state. 
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63. The ballast circuit according to claim 62, wherein the threshold circuit includes a 
zener diode. 

64. The ballast circuit according to claim 62, wherein the first switching element is a 
5 transistor and the threshold circuit is coupled to a base terminal of the transistor. 

65. The ballast circuit according to claim 61, wherein the first control circuit further 
includes a third switching element coupled to the second switching element for controlling 
a duty cycle of the second switching element. 

10 

66. The ballast circuit according to claim 65, wherein the end of life circuit further 
includes a threshold circuit coupled to the third switching element. 

67. The ballast circuit according to claim 66, wherein the threshold circuit has a threshold 
15 voltage such that when a voltage on the bias element, which corresponds to the lamp 

voltage, becomes greater than the first threshold voltage the third switching element 
transitions to a state which reduces the duty cycle of the second switching element. 

68. The ballast circuit according to claim 67, wherein the third switching element is a 
20 transistor and the threshold circuit is coupled to a base terminal of the transistor, and the 

threshold circuit includes a zener diode. 

69. A ballast circuit for energizing a lamp, comprising: 

a resonant inverter circuit for providing an AC signal to the lamp, the inverter 
25 circuit including a first switching element having a conduction state controlled by a first 

control circuit, a second switching element having a conduction state controlled by a 
second control circuit, and a resonant inductive element coupled to the first and second 
switching elements; and 

a lamp end of life circuit coupled to the second control circuit for limiting a voltage 
30 applied to the lamp, the end of life circuit including 

a third switching element coupled to the second switching element, the third 
switching element having a first state which causes the second switching element to 
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transition to a non-conductive state and a second state which allows the second switching 
element to transition to a conductive state; and 

a first threshold circuit coupled to the third switching element for biasing 
the third switching element to a state which corresponds to the second switching element 
being in a non-conductive state when the lamp voltage becomes greater than a first 
predetermined voltage. 

70. The ballast circuit according to claim 69, wherein the first threshold circuit includes 
a first zener diode. 

71. The ballast circuit according to claim 69, wherein the second control circuit includes 
an inductive bias element inductively coupled to the resonant inductive element such that 
a voltage present on the bias element corresponds to the lamp voltage, and the first 
threshold circuit is coupled to the bias element. 

72. The ballast circuit according to claim 71, wherein the second control circuit further 
includes a fourth switching element coupled to the third switching element for controlling 
a duty cycle thereof. 

73. The ballast circuit according to claim 72, wherein the end of life circuit further 
includes a second threshold circuit coupled to the fourth switching element for biasing the 
fourth switching element to a state which corresponds to a decreased duty cycle for the 
third switching element when the lamp voltage becomes greater than a second 
predetermined voltage. 

74. The ballast circuit according to claim 73, wherein the second threshold voltage 
includes a second zener diode. 

75. The ballast circuit according to claim 73, wherein fourth switching element is a 
transistor and the second threshold circuit is coupled to a base terminal of the fourth 
switching element. 
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76. The ballast circuit according to claim 73, wherein the second threshold circuit is 
coupled to the bias element. 

77. A method for limiting a voltage applied to a lamp that Ms to light, comprising: 

energizing a ballast circuit having a resonant inverter circuit for applying an AC 
signal to the lamp, wherein the inverter circuit includes a resonant inductive element; 

monitoring a voltage induced at an inductive bias element which is inductively 
coupled to the resonant inductive element, wherein the bias element voltage corresponds 

to the lamp voltage; and 

disabling the inverter when the bias element voltage becomes greater than a 

predetermined threshold. 



78. A method for limiting a voltage applied to a lamp that fails to light, comprising: 

energizing a ballast circuit having a resonant inverter circuit for applying an AC 
15 signal to the lamp, wherein the inverter circuit includes a first switching element and a 

resonant inductive element; 

monitoring a voltage induced at an inductive bias element which is inductively 
coupled to the resonant inductive element, wherein the bias element voltage corresponds 
to the lamp voltage; and 

20 reducing a duty cycle of the first switching element when the bias element voltage 

becomes greater than a predetermined threshold. 
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